Plastids contain multiple copies of the plastid genome that are arranged into discrete aggregates, termed nucleoids. Nucleoid molecular organization and its possible role in ensuring genome continuity have not yet been carefully explored. We examined the relationship between plastid DNA synthesis and nucleoid cytology in the unicellular chrysophyte Ochromonas danica, which is useful for such work because the genomes in each plastid are arranged in a single ring-shaped nucleoid. Immunocytochemical detection of thymidine analog incorporation into replicating DNA revealed that plastid DNA synthesis occurs at several sites along the ring nucleoid simultaneously, and that all plastids of a single cell display similar replication patterns. Plastid DNA replication was observed in G 1 , S, and G 2 phase cells. Pulse-chase-pulse labelling with two different thymidine analogs revealed that new sites are activated as cells progress through the cell cycle while some old sites continue. The double labelling patterns suggest that the individual genomes are arranged consecutively, either singly or in clusters, along the nucleoid perimeter and that the selection of which genome replicates when is a matter of chance. These observations eliminate a number of alternative hypotheses concerning plastid DNA organization, and suggest how cells might maintain a constancy of plastid DNA amount and why plastid genome variants segregate so rapidly during mitosis.
It has long been recognized that plastids, the generic term encompassing the various forms of chloroplasts, contain their own unique DNA, which is essential, though not sufficient, for plastid function. Indeed, plastids have been reported to contain up to ϳ 200 copies of the plastid genome ( Lawrence and Possingham, 1986; Maguire, Goff, and Coleman, 1995) . In each organelle the plastid DNA is associated with nonhistone proteins (Briat et al., 1982 (Briat et al., , 1984 and packaged into discrete, highly compact structures termed nucleoids, which rarely contain only one DNA molecule and can contain as many as 100 copies of the plastid genome (Kuroiwa, 1992) . However, the arrangement of individual organellar DNA molecules within a nucleoid structure, plastid or mitochondrial, remains uncertain, even for the kinetoplast DNA network (Stuart and Feagin, 1992) . Furthermore, the role of nucleoids in the maintenance and expression of organellar genomes has not been explored.
As first shown for mitochondrial DNA (Bogenhagen and Clayton, 1977) , plastid genomes are generally thought to be selected randomly for replication until the number approximately doubles in a cell cycle, with some molecules replicating more than once, and others not at all. Plastid genome copy number has also been shown to be responsive to developmental, physiological, and environmental cues (Lawrence and Possingham, 1986; Maguire, Goff, and Coleman, 1995) . As a result, the replication of plastid DNA is considered relaxed (Birky, 1994) . In contrast, the replication of nuclear DNA is stringently controlled. Currently, the molecular and cytological bases for the selection of particular molecules for replication remain enigmatic, and the possibility ex-1 Manuscript received 23 August 1996; revision accepted 24 January 1997.
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ists that the organization of the molecules within the nucleoid structure affects the selection process. Plastid DNA typically exhibits vegetative segregation, that is alleles of organelle genes can segregate during mitosis as well as meiosis (Birky, 1994) . Plastid genomes also exhibit intracellular selection. For example, antibiotic-resistant molecules are selected for when cells are grown in the presence of an antibiotic. In addition, many genetic studies have shown that plastid DNA variants sort out to homoplasy, i.e., genetic homogeneity, during cell division much faster than expected by chance, given the numbers of genomes. A variety of explanations has been proposed from genetic and molecular work (see Birky, 1994; Gillham, 1994) . However, the potential effect of nucleoid organization on the segregation of plastid genomes at plastid division, and ultimately cell division, has not been examined.
In order to investigate the role of the nucleoid in the organization and maintenance of the plastid genome we have localized sites of plastid DNA replication on a nucleoid structure via immunocytochemical detection of thymidine analog incorporation into replicating DNA. The spatial distribution of sites of plastid DNA replication on the nucleoids was determined by examining sites of 5-bromodeoxyuridine (BrdU) incorporation. The initiation and progression of replication foci were examined by labelling DNA, at separate points in time, with two different analogs, chlorodeoxyuridine (CldU) and iododeoxyuridine (IdU), which are immunologically distinguishable (Manders et al., 1992; Pollack et al., 1993) .
The unicellular chrysophyte Ochromonas danica was chosen as a model system. Ochromonas cells typically contain 1-2 plastids, which occupy a small proportion of the cell volume. In addition, the plastid genomes in each organelle are arranged in a single, physically contiguous ring nucleoid, which lies along the plastid perimeter, a NEROZZI AND COLEMAN-LOCALIZATION OF PLASTID DNA REPLICATION characteristic of Chromophyte algae. Therefore, the entire plastid genome complement of each plastid, and of all plastids of entire cells, can be examined in preparations that display intact nucleoids (Maguire, Goff, and Coleman, 1995) . In contrast, the plastids of higher plants and many algae contain multiple polymorphic nucleoids, which cannot be easily related to the original plastid structure or readily distinguished from mitochondrial nucleoids after removal of chlorophyll by fixation (Kuroiwa et al., 1981; Coleman, 1985) . Furthermore, Ochromonas incorporates thymidine analogs into both nuclear and organellar DNA at easily detectable levels (Gibbs and Poole, 1973) , unlike Chlamydomonas reinhardtii (Swinton and Hanawalt, 1972) and Euglena gracilis (Sagan, 1965) .
The single and double labelling patterns of Ochromonas plastid DNA we describe here suggest how the many copies of the genomes are arranged in the plastid DNA ring, and have implications for both maintenance of plastid genomes and for their sorting out during cell proliferation.
MATERIALS AND METHODS
Cell culture-Axenic Ochromonas danica cultures (number 1298, University of Texas Culture Collection of Algae) were maintained in Ochromonas medium, a complex medium containing glucose as the carbon source (Starr and Zeikus, 1993) at 58 mol photons·m Ϫ2 ·s
Ϫ1
constant light at 23Њ C by weekly 1:100 transfers. Ochromonas is not subject to light/dark synchronization and therefore, experimental cultures were asynchronous and in exponential growth.
Observations of live plastids-Ochromonas cells were counted using a hemocytometer, centrifuged, and resuspended to ϳ1 ϫ 10 6 cells/mL in fresh medium. Approximately 10 L of this suspension were placed on a slide and covered with a 24 ϫ 30 mm 2 coverslip. The cells were observed using phase and epifluorescence microscopy with a Zeiss photoscope at 40 or 100ϫ and allowed to dessicate until they flattened into nearly a single plane of focus. In these preparations, the cells remained intact with active flagella, but were immobilized; and the plastids were easily recognized by virtue of their autofluorescence on the Zeiss number 48-7709 filter set. For vital staining, the cells were prepared in fresh medium to which 1.0 g/mL DAPI had been added.
BrdU labelling-In order to determine the concentration of 5-bromodeoxyuridine (BrdU), thymidine or uridine that could be used without significantly affecting cell growth, Ochromonas cultures were transferred to media containing 0.01, 0.1, 0.5, 1.0, and 10 mmol/L of each nucleoside separately and further growth was monitored. The maximum concentrations tested that did not significantly affect cell growth after 6 d in continuous culture were 100 mol/L BrdU, 1.0 mmol/L thymidine, and 1.0 mmol/L uridine. Subsequent cultures were given 100 mol/L BrdU pulses ranging from 5 min to 24 h. Uridine (1 mmol/L) was also added in order to saturate cellular uridine pools and prevent labelling of RNA. Cultures were chased with 1.0 mmol/L thymidine when appropriate. Isolated ring nucleoids were prepared (see below) for 5-15 min BrdU pulses; and whole cells, as well as isolated nucleoids, were prepared for BrdU pulses of Ն 30 min.
Fixation-Cells were treated with 0.005% N-lauroylsarcosine in Ochromonas medium at room temperature (RT) and gently mixed with a pipet. Twenty microlitres were immediately placed on a slide, a 24 ϫ 30 mm 2 coverslip put in place and the slide allowed to sit for ϳ15 min to flatten the cells. The slides were then frozen in liquid nitrogen, the coverslip removed with a razor blade, and the slides immediately fixed in 3:1 (95% ethanol:glacial acetic acid) for ϳ30 min at RT. The slides were then dehydrated through an alcohol series and allowed to air dry. Cell lysis preps for isolated ring nucleoids are as follows: the cells were treated with an equal volume of glacial acetic acid and agitated for ϳ30 s followed by the addition of three volumes of 95% ethanol. After 1 h at RT, the preparation was stored at 4ЊC in 70% ethanol. To prepare a slide, a few drops of the suspension were air dried on a slide.
Detection of BrdU incorporation-Prior to exposure to the antibodies, the fixed slides were soaked at room temperature for 10 min in phosphate-buffered saline (PBS) pH 7.4 (130 mmol/L NaCl, 10 mmol/L Na 2 HPO 4 , 2 mmol/L KCl, 2 mmol/L KH 2 PO 4 ), followed by 5 min in 0.1-0.2 mol/L NaOH (freshly prepared in 70% ethanol) and a PBS rinse. Twenty microlitres of mouse anti-BrdU antibody solution (Amersham number RPN202) were applied over the area of the slide containing the cells and covered with a 24 ϫ 30 mm 2 piece of parafilm. The slides were incubated in a humidity chamber at RT for 1 h, then rinsed and soaked in PBS for 10 min. Twenty microlitres sheep anti-mouse Texas Red (TR) antibody (Amersham N2031), diluted 1:50 in PBS containing 1.0% bovine serum albumin (BSA), were then applied and covered with parafilm. The slides were incubated in a humidity chamber at RT for 1 h, rinsed, and soaked in PBS for 10 min. The preparations were then gently blotted and counterstained for 10 min with 0.2-0.4 g/mL DAPI in McIlvaines's pH 4 buffer (Coleman, Maguire, and Coleman, 1981) , in order to visualize total DNA. The slides were mounted in FITC-Guard (Testog, Chicago, IL) containing DAPI in order to prevent quenching of the fluorescent signal.
Pulse-chase-pulse/DNA double labelling-As for BrdU, the concentration of both 5-chlorodeoxyuridine (CldU) and 5-iododeoxyuridine (IdU) that could be used without significantly reducing cell viability was 100 mol/L. For the pulse-chase-pulse experiments, Ochromonas cultures were grown in the presence of CldU for 45 min, centrifuged, washed, and resuspended in unmodified Ochromonas medium for various time intervals. At the end of the chase period, the cultures were grown in the presence of IdU for 1.5 h, sampled, concentrated if necessary to ϳ1 ϫ 10 6 cells/mL, and prepared immediately by the whole cell technique. In order to assess the directionality of plastid DNA synthesis, cells were grown in CldU-containing medium for 30 min, concentrated, washed with unmodified medium, and resuspended in IdUcontaining medium. After 3 h additional growth in the presence of IdU, the cultures were sampled and prepared as outlined above.
Detection of CldU and IdU incorporation-The sites of CldU and IdU incorporation were detected using the ability of different commercially available ''anti-BrdU'' antibodies to recognize either CldU or IdU Bakker et al., 1992; Manders et al., 1992; Pollack et al., 1993) . Prior to the application of the antibodies, the slides were treated at RT for 5 min with alcoholic 0.2 mol/L NaOH, followed by 5 min each of 70% and 100% ethanol and then air dried. In order to detect CldU incorporation, 20 L of mouse anti-BrdU antibody (Caltag, clone BR3 number MD5300), diluted 1:100 in PBTB (PBS containing 1.0% BSA and 0.5% Tween-20), were applied over the area of the slide containing the cells and covered with parafilm. The slides were incubated in a humidity chamber at RT for 1 h, then rinsed and soaked in PBTB for 10 min. Twenty microlitres sheep anti-mouse Texas Red (TR) antibody (Amersham N2031), diluted 1:50 in PBTB, were then applied, and the slides incubated and rinsed as above. In order to detect IdU incorporation, 20 L of mouse anti-BrdU-FITC conjugate antibody (Becton Dickinson, clone B44 number 347583) were applied. After incubation, the slides were soaked for 10 min in PBTB followed by 15 min in a high-salt Tris buffer pH 8.0 (0.5 mol/L NaCl, 30 mmol/L Tris HCl, 20 mmol/L Tris base, 0.5% Tween-20) in order to reduce the binding of this antibody with CldU. The preparations were then counterstained with 0.2-0.4 g/mL DAPI in McIlvaines's pH 4 buffer and the slides were mounted in FITC-Guard. In such slides, DNA sites that [Vol. 84 AMERICAN JOURNAL OF BOTANY had incorporated CldU (first pulse) appeared red, DNA that had incorporated IdU (second pulse) appeared green, and all DNA fluoresced blue with DAPI. Specificity was tested by pretreatment of some cell preparations with DNAse and others with RNAse (Coleman et al., 1981) , and the efficacy of the treatment was monitored by staining with DAPI (for DNA) or acridine orange (for RNA).
Fluorescence microscopy and image analysis-Slides were examined by phase and epifluorescence microscopy using a Zeiss Axiophot photomicroscope equipped with a 100-W short arc mercury lamp and with Zeiss number 487902 filter combination for DAPI, number 487909 for chlorophyll autofluorescence and fluorescein (FITC), and the Omega Optical (Brattleboro, VT) filter combinations XF42 for Texas Red (TR) and XF53 for simultaneous FITC/TR visualization. Fluorescence and phase images were photographed with Kodak Ektar 100 or Kodak T-Max 400 film. The exposure times were generally 1 min for TR, 40 s for FITC, and 20 s for DAPI, using a 100ϫ Neofluor objective. In the BrdU labelling experiments, the TR image was recorded first, followed by the DAPI image. In the double DNA labelling experiments, the Double Filter image was recorded first, followed by the TR, FITC, and DAPI images. Microscopic images for analysis were either traced on acetate transparencies from the image displayed on a Panasonic WV-5410 video monitor via a DAGE-MTI Sit 66 camera, or recorded from the camera using a P60U Mitsubishi video copy processor. The tracings or the micrographs were enlarged 8-32ϫ, and the DAPI, TR, or FITC patterns, and the ring nucleoid length as well as the length of the individual sites of analog incorporation, were measured using a digitizer with a planar morphometry program (Southern Microinstruments, Atlanta, GA). (Coleman et al., 1981) , slides were stained with 20 L of 0.2 g/mL DAPI in McIlvaine's buffer pH 4 for 10 min at RT under a 24 ϫ 30 mm 2 coverslip, the excess solution removed by gentle blotting, and the slide ringed with nail polish to prevent drying. Cells were examined with a Zeiss photomicroscope equipped with a mechanical stage and a 100-W mercury lamp. DAPI fluorescence was visualized with a Zeiss number 48-7702 filter combination. A movable pinhole was chosen that restricted the field of illumination to ϳ1.5 times the diameter of the nuclei and, after centering each nucleus within the narrowed field, measurements of the DAPI fluorescence were made with Zeiss microspectrophotometer components including a 50 Hz light modulator and an MPM 01 phototube attached to a Zeiss photomultiplier-indicator. Background readings were taken periodically just adjacent to the measured nuclei.
Microspectrofluorometry-As described previously

RESULTS
Cell preparation-The unicellular chrysophyte Ochromonas danica ( Fig. 1) , lacking a cell wall, can be easily prepared for phase and epifluorescence microscopy simply by flattening beneath a coverslip. In such living cells, the plastids can be identified by virtue of their red autofluorescence (Fig. 2) . The ring nucleoid, which contains all the plastid DNA within a single plastid, typically 10-100 copies of the plastid genome (Maguire, Goff, and Coleman, 1995) , can be visualized with DAPI staining as a thin blue line just within the plastid perimeter, which remains intact even after cell lysis (Fig. 3) . When flattened cells are frozen, fixed, and DAPI stained, the plastid nucleoids appear as open circles lying adjacent to the solidly stained nucleus (Fig. 4) . Note that the association of ring nucleoids with a particular nucleus is retained, and that they are clearly visible in a single plane of focus. Much of the cellular material other than DNA has been removed, including the chlorophyll and the blue autofluorescent pigment (Coleman, 1986) BrdU labelling patterns-Sites of BrdU incorporation could be detected in the nuclear, plastid, and mitochondrial DNA of Ochromonas cells fixed and stained with fluorescent antibody to BrdU . After exposure to the analog for a pulse of 10 or 60 min, 25-30% of the cells of asynchronous, exponential populations exhibited nuclear anti-BrdU labelling, and therefore were in S phase. Analog incorporation in plastid DNA replication was detected in essentially all cells and all plastids as discrete sites located along the ring nucleoid. The corresponding DAPI and anti-BrdU images of a cell that received a 10-min BrdU pulse can be seen in Figs. 5, 6. The nucleus and six plastid ring nucleoids are visible with DAPI staining (Fig. 5 ). The weakness of nuclear anti-BrdU staining suggests that the cell was at either the G 1 /S or S/G 2 border during the pulse. Each ring nucleoid exhibits 5-8 sites of plastid DNA replication that are of similar size, with some sites evenly spaced and others clustered or isolated (Fig. 6 ). External to the nucleus and plastids are many tiny sites of DAPI staining, some of which also exhibit anti-BrdU fluorescence, which represent mitochondrial DNA nucleoids. Note that the plastid ring nucleoids appear coordinated with respect to the extent and pattern of plastid DNA replication; none is free of label and BrdU sites are similar in extent As the pulse length increased to 1 h (Figs. 7, 8) , the number of BrdU incorporation sites increased and the ring nucleoids became labelled along a greater proportion of their perimeter. The speckled pattern on the ring nucleoids was retained for pulses of Յ 4 h, but the distinctness of individual spots was gradually lost at longer labelling periods. The anti-BrdU labelling was eliminated by DNase and unaffected by RNase (data not shown). The ring nucleoids of cells that were not exposed to BrdU but stained with antibody never exhibited the punctate labelling pattern, only a vague background fluorescence at most.
Kinetics of BrdU incorporation-In order to provide an estimate of the relative initial kinetics of analogue incorporation and also the proportion of each ring nucleoid active in DNA replication, BrdU incorporation was quantified by image analysis and expressed as the percentage of the total ring nucleoid perimeter. Mean percentage labelling values were calculated per cell or population. Significant levels of BrdU were detected in the ring nucleoids upon brief exposure to the analog (Fig. 9 ). For example, after only a 5-min exposure to BrdU-containing medium, nearly all of the ring nucleoids exhibited BrdU incorporation, which represented, on average, ϳ10% of the length of the nucleoid perimeter. The extent of labelling increased with the pulse length. At both 15-and 30-min exposure, label covered ϳ30% of the nucleoid. These time points probably represent the saturation of endogenous thymidine pools with BrdU as well as sufficient incorporation to be successfully detected. Once saturated, the extent of labelling increased only gradually, approaching 100% of the ring nucleoid perimeter when pulses extended to the ϳ8-h length of the cell cycle. Note that the cell population is quite heterogenous with respect to the extent of labelling on the ring nucleoids, particu- larly with the early labelling points (Fig. 9 ). For example, nucleoids sampled from different cells exposed to BrdU for 30 min exhibited from Ͻ10% BrdU incorporation to labelling along Ͼ90% of their entire length (Fig. 10) . However, 83% of the nucleoids exhibited from 10 to 59% labelling. The decrease in variability (Fig. 9 ) between cells at more extended labelling times (Ն4 h) is primarily a consequence of the measurement method, because the nucleoids had been exposed to BrdU for a sufficient length of time to approach the maximum extent of labelling this technique could monitor, 100%.
Cellular dynamics-The intracellular variation in nucleoid labelling for cells given a 1-h BrdU pulse was quantified by subtracting the percentage labelling value of the least from that of the most extensively labelled nucleoid in the same cell. Presumably, if all plastids of a cell had identical proportions of genomes replicating, the value of the difference between plastid nucleoids would approach zero, whereas if one plastid predominated, the value would approach 100%. The intracellular variation was Ͻ20% for three quarters of the cell population (Fig.  11) , and a twofold difference in percentage label of plastid nucleoids of the same cell was found in Ͻ10% of the sample. In addition, the extent of BrdU incorporation was similar for S and G phase cells. For example, the mean percentage anti-BrdU labelling of individual nucleoids of S and G phase cells following a 30-min pulse was 38 and 31%, respectively. The nucleoids of G 1 and G 2 phase cells, which were distinguished using microspectrofluorometry, also exhibited similar percentage total labelling.
Analysis of BrdU labelling patterns-The nucleoids of plastids from cells exposed to BrdU for 0.5 h exhibited, on average, 4.5 replication sites. The majority of these nucleoids displayed 2-6 discrete sites, however ϳ7% of the rings exhibited Ն7, as many as 10, or, rarely, 16 sites (Fig. 12) . After 2-h continuous exposure, the mean number of replication sites per nucleoid increased to 5.8 and a greater proportion of the rings (20%) exhibited ϳ7 sites of plastid DNA synthesis. As shown in Figs. 5 and 6 are the corresponding DAPI and anti-BrdU images of a cell exposed to BrdU for 10 min. 5. The nucleus and six ring nucleoids are visible on the DAPI image. 6. The cell was in S phase during the labelling period, as indicated by the presence of BrdU label in the nucleus. Note that each ring nucleoid exhibits 5-8 sites of plastid DNA replication of similar size distributed along the ring nucleoid perimeter. 7 and 8 are the corresponding DAPI and anti-BrdU images for cells exposed to BrdU for 1 h. One cell was in S, as indicated by BrdU detection in its nucleus. Both G and S phase cells exhibit sites of plastid DNA synthesis in the ring nucleoid structures. Note that the individual sites of BrdU incorporation can be easily distinguished even though these rings exhibit extensive labelling. Scale bar ϭ 10m.
itively correlated with nucleoid size. Those nucleoids of similar length that exhibited a greater number of sites of DNA synthesis also appeared more heavily labelled (Fig.  13) , as determined by the summation of measured fluorescent sites. For example, ring nucleoids with a perimeter of 7-8 m, which exhibited 1-3 sites of DNA replication, appeared labelled along a total of 12-21% of the nucleoid length, while those with 9-10 sites appeared labelled along 70-96% of their length. Note that after extended continuous exposure (Ն4 h) to the analog, discrete sites were no longer distinguishable, so that quantification by site number was impossible.
Between 0.5 h and 2 h labelling the length of individual sites of plastid DNA replication increased slightly, from 0.63 to 0.80 m. However, such measurements were at the limit of resolution of this technique, and could be attributed to an increased fluorescent signal due to continuing BrdU incorporation rather than the lateral spreading of sites with time. In order to address this, we analyzed site length in the absence of additional analog incorporation; that is, cultures were pulsed with BrdU, chased in thymidine-containing medium, and sampled hourly until the population doubled. The fate of the pulselabelled sites with increasing chase time is shown in Table 1. The mean number of replication sites per nucleoid decreased steadily throughout the chase period, dropping by nearly one-half at the completion of one cell cycle, suggesting that the plastids had divided during the chase period. The mean percentage of the nucleoid labelled with anti-BrdU, interestingly, fell to a quarter of the initial value, while the mean site length decreased by half. These data suggest that rather than spreading of individual sites with time, sites seem to diminish significantly in size, by twofold over a generation time.
The plastids of individual Ochromonas cells in a population display a great deal of heterogeneity in size (Maguire, Goff, and Coleman, 1995) , which is reflected directly in the lengths of their plastid ring nucleoids. For example, the nucleoid perimeter ranged from 3 to 17 m for the exponential cultures analyzed in this report. After a 0.5-h pulse, the mean percentage anti-BrdU labelling of the smallest (3-4 m) ring nucleoids was somewhat greater than that of the largest (13-17 m) nucleoids, 50 and 35%, respectively (Fig. 13) . The largest rings exhibited a greater number of replication sites, on average twice that of the smallest rings (U ϭ 6.5, P Ͼ 0.025), suggesting that additional sites of replication are activated as the rings increase in size. For rings that appeared fully to mean ratio is expected to be 1.0. However, the observed ratio was significantly lower than unity for all ring nucleoids and populations examined (range ϭ 0.03-0.12). These data indicate that the plastid DNA replication sites are too evenly spaced to be consistent with a random distribution on the ring nucleoid, for reasons as yet unknown.
DNA double labelling-A direct method for revealing new synthesis sites in the presence of previous ones is the use of a second label. In the double labelling procedure, cultures were pulsed with CldU for 45 min, washed, and chased in unmodified medium, then exposed to IdU for 1.5 h, conditions chosen to minimize pulse time but allow detectable incorporation. These pulse-chase-pulse experiments recorded a ''snapshot'' of DNA replication on the ring nucleoids at the time of the first pulse, allowed some time to elapse in which sites of DNA replication were not being labelled, and then recorded a second image of DNA replication during the second pulse. The replication sites were identified by a technique that utilizes the ability of two commerically available ''antiBrdU'' antibodies to detect preferentially either CldU (Caltag Ab) or IdU (Becton-Dickinson Ab) (Manders et al., 1992; Pollack et al., 1993) . In this procedure, sites active in the first pulse (CldU incorporation) were labelled red, and sites active in the second pulse (IdU incorporation) were labelled green.
Fluorescence images of cells that received a 5-h chase between the first and second pulses can be seen in Figs. 14-17. A comparison of the DAPI and Double Filter (simultaneous red and green visualization) images reveals that the nucleus of the left-hand cell was in S phase and that of the right-hand cell at either the G 1 /S or S/G 2 border at the time of the first pulse, as indicated by the presence of red label seen with the Double Filter (Figs. 14,  15 ). As expected, the nuclei of both cells are also visible using the Texas red filter (Fig. 16) . However, both nuclei are also visible using the FITC (green) filter (Fig. 8d) . This is most likely a result of a cross-reaction of the ''anti-IdU''-FITC antibody with CldU incorporation sites enhanced by the double labelling protocol, as discussed below. In contrast, replication sites on the ring nucleoids of the left-hand cell exhibit both red and green spots using the Double Filter and therefore, some sites of plastid DNA synthesis were active predominantly during the first pulse and others during the second pulse. In addition, a comparison of the Texas red (red) and FITC (green) images reveals that some sites of plastid DNA synthesis appear labelled with green only and therefore, were active exclusively during the second pulse (Figs. 16, 17) .
Unfortunately, interpretation of sites visible with both the Texas red and FITC (green) filter sets is complicated by a technical limitiation. Pretesting in all combinations showed that the ''anti-CldU'' antibody and staining procedure (red) recognized only CldU, i.e., cells grown in IdU and treated with the double staining procedure did not exhibit any red staining. Also, when cells were grown in the presence of CldU and exposed to the ''anti-CldU'' staining procedure, the resultant red signal was not visible using the FITC filter. Thus, the antiCldU antibody behaved in a very specific fashion. Extensive analyses of cells grown in CldU and treated with the ''anti-IdU'' antibody, or given the double antibody staining, revealed that the ''anti-IdU'' antibody (green) cross-reacted with CldU to some degree and that this interaction was enhanced in the double staining protocol. However, cells grown in CldU and treated with the double staining protocol never exhibited green sites of DNA replication on the Double Filter (Fig. 19) , i.e., the cross-reaction was visible only when viewed with the FITC filter. Therefore, use of the Double Filter for analysis made it possible to recognize sites labelled predominantly with CldU, uncompromised by the cross-reaction.
The order of addition of the antibodies was mouse ''anti-CldU'' followed by sheep anti-mouse-Texas red conjugate, then mouse ''anti-IdU''-FITC conjugate. The possibility existed that the enhanced cross-reaction in the double staining protocol might be a result of an association between any unblocked binding sites of the sheep anti-mouse-Texas red antibody with the mouse ''antiIdU''-FITC conjugate. However, we were unable to significantly reduce this association with stringent washes, with introduction of a blocking step with unlabelled mouse pre-immune antibody fraction, or by substituting the secondary antibody with anti-mouse Texas Red conjugated Fab fragments. As a result, sites that were identified as red on the Double Filter always exhibited some green label on the FITC filter after the double staining procedure.
Consequently, the double staining protocol was capable of distinguishing between three categories of replication sites. ''Old'' sites appear red on the Double Filter, and were labelled predominately or exclusively during the first pulse. ''New'' sites appear green on the Double Filter and undetectable on the Texas Red filter, and were labelled exclusively during the second pulse. We also defined a third category of sites, termed ''continuing,'' which appear green on the Double Filter but also exhibit some red staining on the Texas red filter. ''Continuing'' sites were active during the first pulse as well as the second pulse, to the extent that sufficient IdU is present at these sites to cause a green signal on the Double Filter. Note that ''continuing'' sites may be sites of prolonged synthesis or of resumption of synthesis, two possibilities that this method is unable to resolve.
Analysis of double labelling patterns as cells progress through the cell cycle-
The cells in S phase during the first pulse (CldU, 45 min), therefore exhibiting red nuclei, served as a ''tagged'' or synchronous population. The nucleoids of tagged cells labelled during the first pulse only exhibited red sites of plastid DNA replication (Figs. 18, 19) when observed with the Double Filter. After intermediate chase periods (3-7 h), an increasing proportion of the plastid DNA replication sites appeared green on the Double Filter and therefore were labelled during the second pulse (IdU, 1.5 h) (Figs. 20-23 ). After chase periods approximately equal to the cell cycle the majority of the plastid DNA replication foci of tagged cells again appeared red.
The position of the tagged cell population in the cell cycle at fixation was estimated as follows and can be seen in Fig. 24 , which also takes into account the length of the final labelling time and cell preparation. The population doubling time for a midexponential culture is ϳ8.5 h and ϳ30% of the population was in S phase at the time of the first pulse. Therefore, S phase occupies ϳ2.5 h of the cell cycle. The length of mitosis from early prophase through cell separation is ϳ1.0 h as determined by observations of living cells. Mitotic cells with labelled nuclei were first observed at 2 h after the initial labelling. Therefore, G 2 occupies ϳ1.5 h and the length of G 1 , as determined by subtraction, is ϳ4 h. Mitotic cells with red nuclei were again observed at 11 h after the inital pulse, indicating that some of the tagged cells had cycled to a second mitosis. The entry of the labelled cells into the next S phase could not be determined by the presence of IdU in the nucleus, perhaps because IdU is utilized less efficiently than other thymidine analogs for nuclear DNA synthesis. In fact, we never observed significantly labelled nuclei in cells grown in IdU, stained with ''antiIdU'' antibody, and observed with the FITC filter set. However, cells grown in IdU were rapidly dividing and the population doubling time was similar to untreated cultures.
In order to investigate the initiation of replication sites in plastid DNA over the cell cycle, all sites on the nucleoids of tagged cells were distinguished as old (red only), new (green only), or continuing (red-green). At least 30 nucleoids from 30 different cells were analyzed for each chase interval. New sites accounted for 4% of all sites at 3 h after the initial labelling, when the tagged population was estimated to be in G 2 through early G 1 . The percentage new sites increased to 22% and then 50% when the tagged cell population was in G 1 and early S, respectively ( Table 2) . As the tagged cells progressed to late S through G 2 , new sites accounted for ϳ35% and then 10% of all sites. The time course of the percentage of new sites paralleled that for the percentage of continuing sites. Most of the sites that were active at the time of the first pulse were no longer incorporating detectable levels of analog after 9 h. Although the number of new sites per individual nucleoid varied greatly for each chase period (range ϭ 0-7), an inverse correlation between old and new sites was observed (F test ϭ 5.725, P Ͼ 0.02), that is rings with the greatest number of new sites exhibited few old or continuing sites (Fig. 25) .
Plastid division and the formation of new sites-At the time of the first pulse, tagged cells contained, on average, 2.2 nucleoids, hence 2.2 plastids, with a mean perimeter of 11.4 m. Each nucleoid exhibited, on average, 7.5 sites of DNA replication. As a result of cell division, the mean number of nucleoids per tagged cell decreased to 1.2 at 3 h after the initial labelling (Table 3) . During this time, the ring nucleoid perimeter increased to 13.5 m. In early to mid G 1 phase, the tagged cells again contained approximately two plastids, and the mean ring length decreased to ϳ9 m, suggesting that the plastids had divided. Following plastid division, the plastids steadily increased in size. Interestingly, the total number of sites remained at approximately seven per nucleoid for all chase periods, with the exception of the final sample, as a result of the addition of new replication sites.
Directionality of plastid DNA synthesis-Double labelling experiments should also reveal whether the position of initial incorporation sites is correlated in any way with the positioning of subsequently activated sites. 
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Figs. 14-23. DNA double labelling patterns. DAPI (total DNA), Figs. 14, 18, 20, 22; double (red and green), Figs. 15, 19, 21, 23; Texas Red (red), Fig. 16; and FITC (green) , Fig. 17. Figs. 14-17 show cells that received a 5-h chase between the first (CldU, 45 min) and second (IdU, 1.5 h) pulses. A comparison of the DAPI (Fig. 14) and double (Fig. 15) images reveals that both cells exhibit red nuclei and therefore were in S phase at the time of the first pulse. In contrast, the ring nucleoids of the left-hand cell exhibit both red and green sites of plastid DNA replication. That is, some sites of replication were labelled predominantly in the first pulse and some in the second. In addition, some of the green sites of replication (Figs. 15, 17) do not exhibit any coincident red label (Fig. 16 ) and, therefore, were active only during the second pulse. Note that some of the mitochondrial nucleoids, which appear as blue dots within the residual cytoplasm after DAPI staining, appear red only and a few are green only.
Figs. 18-23 show tagged cells fixed immediately following the first pulse (Figs. 18-19) , or the second pulse with an intervening 3 h (Figs. 20, 21 ) or 5 h chase (Figs. 22, 23) . Immediately after the first pulse all sites of DNA replication, either nuclear or plastid DNA, appear red (Figs. 19, 20) . With an intervening 3-h chase period between exposure to the different analogs some sites of plastid DNA replication appear green and, therefore, were labelled predominately in the second pulse. However, the majority of replication sites appear red. In contrast, with an intervening 5-h chase, the ring nucleoids in the majority of tagged cells often appeared green along their entire length. Scale bar (Figs. 14-17) ϭ 10 m. Scale bar (Figs.  18-23 ) ϭ m.
In both the single and double label experiments with pulse lengths Յ 3 h, individual sites displayed a minimal size in the sense of resolution, that is, the optical appearance of two adjacent sites seemed always to display a crimp between the two sites. In order to determine the relationship of new and prior sites, cells were pulsed with CldU, washed, and immediately resuspended in IdU-containing medium. Of 418 sites of plastid DNA replication identified on 50 ring nucleoids from separate cells randomly encountered in all stages of the cell cycle, 12% were new. Sixty-three percent of the new sites were found at a location separate from any other site. In addition, new sites, when adjacent to another site, were equally likely to be found near either new or prior sites, that is the location of new sites was not detectably restricted to one or a very few locales, or limited by the position of old sites on the nucleoid. Also, individual sites rarely appeared red on one side and green on the other. That is, there was no evidence for the progressive placement of sites of replication along the nucleoid structure, either unidirectionally or bidirectionally. Similarly, a reciprocal pulse-pulse experiment, in which cells were given an IdU pulse, washed, and resuspended in medium containing CldU, confirmed the apparent lack of directionality in site inactivation.
DISCUSSION
The Chromophyte physical arrangement of plastid DNA genomes, as seen here in Ochromonas, offers significant advantages for microscopic analysis of single cells and single plastids. Chromophyte plastid genomes are joined in a single ring lying just within the girdle lamella, rather than displaying the Chlorophyte pattern in which small aggregates (nucleoids) are scattered throughout the stroma, where they may or may not be interconnected. In addition, the techniques reported in this investigation were capable of identifying replication foci on the nucleoid structure without computer enhancement of fluorescence images. This investigation has revealed that plastid DNA replication occurs simultaneously at several discrete sites, almost always more than two, on the ring nucleoid of each plastid in nearly all cells of an exponential population. Additional sites are activated as cells progress through the cell cycle. The appearance of new sites may be correlated with plastid division. Furthermore, new sites did not appear to be restricted with respect to location on the nucleoid structure or to exhibit directionality with respect to old sites.
Organellar DNA synthesis and the cell cycle-Microspectrofluorometry and BrdU labelling have revealed, through direct observation of individual Ochromonas cells, that plastid DNA replication occurs in G 1 , S, and G 2 phases of the cell cycle. Mitotic and cytokinetic cells also displayed sites of plastid DNA replication, although the nucleoids often appeared less labelled than those from interphase cells. However, these large cells, which typically represented ϳ5% of exponential populations, were easily disrupted during fixation and therefore only a limited number were observed. Plastid DNA replication has also been reported to occur throughout the cell cycle in Chlamydomonas reinhardtii (Chiang and Sueoka, 1967; Grant, Swinton, and Chiang, 1978; Turmel, Lemieux, and Lee, 1980, 1981) and Euglena gracilis (Cook, 1966; Brandt, 1975; Richards and Manning, 1975) . Mitochondrial DNA synthesis in Ochromonas also appears continuous, which agrees with observations on mammalian cell cultures (Bogenhagen and Clayton, 1977) and various eukaryotic microbes (Guttes, Hanawalt, and Guttes, 1967; Williamson and Moustacchi, 1971 ). However, not all organellar DNA replication is promiscuous with respect to Fig. 24 for explanation. Fig. 25 . The number of new vs. prior and ''continuing'' sites of plastid DNA synthesis for the 30 ring nucleoids (149 sites) of tagged cells that received a 45-min CldU pulse, followed by a 5-h chase and a 1.5-h IdU pulse and then fixation. Several data points overlap. the nuclear cell cycle. For example, the kinetoplast DNA of trypanosomes has been reported to replicate concomitantly with nuclear DNA (Woodward and Gull, 1990) . Therefore, it was necessary to clearly define this characteristic in Ochromonas.
Coordination among plastids of a single cell-As reported in earlier autoradiographic studies (Gibbs and Poole, 1973; Maguire, Goff, and Coleman, 1995) , plastid DNA replication was detected in all of the ring nucleoids, and therefore all the plastids, of a single Ochromonas cell. In this investigation, immunocytochemical detection of analog incorporation afforded greater sensitivity and resolution and allowed a more detailed examination of the pattern of plastid DNA synthesis. Plastid DNA replication was observed to occur simultaneously at multiple discrete sites along the ring nucleoid perimeter with new sites becoming activated as cells progressed through the cell cycle. The pattern, extent, and dynamics of analog incorporation among the nucleoids of a single cell were very similar, indicating that the controls for plastid DNA replication are global and all plastids respond to similar cues, regardless of cellular location.
Location of sites of plastid DNA synthesis and the structure of the ring nucleoid-The molecular arrangement of the individual genomes within the ring nucleoid, or any other plastid nucleoid, has never been fully resolved. Kuroiwa and Suzuki (1981) found that DNase, but not RNase or trypsin, broke up the structure of isolated, fixed ring nucleoids of Chromophytes. Coleman and Heywood (1981) showed that the freshly isolated ring nucleoid could be stretched to at least three times its length without breaking the apparent continuity of the DNA. Ultrastructural studies of ring architecture have suggested that the individual molecules are attached to the thylakoid membranes and arranged consecutively along the plastid perimeter (Bisalputra and Burton, 1969; Bisalputra and Bisalputra, 1970) . Indeed, DAPI-stained rings often appear ''beaded,'' which has led some investigators to suggest that each of these thickenings is equivalent to one, or perhaps several, plastid genome molecules (Kuroiwa et al., 1981) .
Our observations on red and green site positioning in the double labelling experiments support the consecutive arrangement of plastid DNA molecules, either singly or in clusters, along the nucleoid structure. An alternative arrangement, that the ring nucleoid may be essentially a polytene structure, a parallel array of genomes, in which each replication site could represent one fork of a replication bubble, can probably be ruled out. In experiments that lacked an intervening chase period between incorporation of the two analogs new sites of replication occurred at independent locations on the nucleoid structure, i.e., red label was not flanked by green label in the vast majority of cases. In addition, when located adjacent to another site, new sites were found near either new or old sites with equal frequency. These data suggest that sites of replication appear to turn ''on'' (or ''off'') without obvious reference to the positioning of former sites. Continuing sites also exhibited no apparent unidirectionality in the relative positioning of the IdU and CldU label. That is, the green label generally was superimposed on, NEROZZI AND COLEMAN-LOCALIZATION OF PLASTID DNA REPLICATION or uniformly larger than, the red label. Therefore, it is not likely that each site represents a replication fork, or that replication proceeds via progression to adjacent regions along the nucleoid structure. Instead, these data suggest that individual molecules, or small aggregates of molecules, are arranged consecutively along the ring perimeter and that each incorporation site simply marks the location of at least one replicating molecule.
The presence of discrete sites indicates that not all the plastid DNA molecules in the ring nucleoid replicate simultaneously. At any one moment an average of 4-5 genomes per plastid (range ϭ 1-8), can be replicating, if each synthesis site represents only one genome in synthesis. These synthesis sites may represent 10-50% of the genomes in the plastid, at one site per 1-2 m (this study) and 2-4 genomes/ m in ring nucleoids of exponentially growing Ochromonas cells (Maguire, Goff, and Coleman 1995) . Some ring nucleoids appeared labelled along their entire length in ϳ1 h; and the entire population of plastid nucleoids appeared completely labelled upon extended exposure to the analog. These observations indicate that new sites become activated until all or nearly all the ''organizational clusters,'' representing one or more molecules each, have replicated, although this may occur in a period longer than one cell cycle. Interestingly, the sites of replicating plastid DNA were found to be more evenly spaced along the ring perimeter than predicted by a random distribution. Indeed, the symmetry of site distribution was often striking. Unfortunately, we were unable to address the mechanisms underlying this regular placement.
Activation of sites of replication and plastid division and growth-Plastid division in Ochromonas has been previously described as ''premitotic'' (Slankis and Gibbs, 1972) , with at least two plastids present in each cell prior to the onset of mitosis. Under the conditions of this study, plastid division occurs primarily in early to mid G 1 phase, with additional divisions possible later in the cell cycle. Prior to and following plastid division in G 1 the total number of sites per nucleoid remained at ϳ 7, as a result of the activation of new sites. Therefore, a sudden recruitment of new sites appears correlated with, but certainly not restricted to, the period just following plastid division. This makes the relationship of plastid division to the appearance of new sites of plastid DNA replication particularly intriguing. Interestingly, rings that displayed numerous sites labelled during the first pulse exhibited few new sites and vice versa (Fig. 25) .
Plastid ring nucleoid length appears to increase continuously until plastid division. How does this enlargement occur? The activation of new sites with time, as well as the lack of evidence for spreading, point to a mechanism in which ring growth occurs by intercalation of newly synthesized genomes. In the preliminary BrdU pulsechase experiments, individual site size, in the absence of further analog incorporation, decreased significantly after approximately one cell cycle. This apparent ''shrinkage'' might reflect a change in the conformation of individual genomes upon completion of synthesis, or some degree of plastid DNA label dispersion, which has been reported for multiplying cells of both Chlamydomonas (Turmel, Lemeiux, and Lee, 1981) and Euglena (Manning and Richards, 1972) .
How long do individual sites of plastid DNA replication remain active?-The techniques presented in this investigation were unable to directly resolve the length of time an individual site of plastid DNA replication remains active due to technical limitations. However, sites of continuing replication were detected in all except the final sample. Therefore, each site can potentially replicate DNA for extended periods of time, at least as long as the cell cycle. Do these continuing sites, if uninterrupted, represent the synthesis of one, or more than one, copy of the plastid genome? Direct evidence of the rate of plastid DNA replication is not available, but organelle DNAs may replicate slowly. For example, if the rate of mitochondrial DNA replication, 15 kbp per hour (Bogenhagen and Clayton, 1977 ) is applied to the plastid DNA of Ochromonas, then it would take ϳ8 h for one 120-kb genome (Coleman, Thompson, and Goff 1991) to complete replication. If this is the case, then continuing sites may indeed represent the synthesis of a single DNA molecule. Remarkably, we did not observe any sites of continuing replication in the final sample, 11 h after the initial pulse. This suggests that a single replication site on the ring nucleoid has a limited period of activity, perhaps equal to the replication of one molecule.
However, the replication of plastid DNA may proceed at a rate similar to eukaryotic or bacterial DNA, 10 and 100 times faster than mitochondrial DNA, respectively (Alberts et al., 1989) , and therefore, continuing sites would represent the synthesis of more than one genome copy, either continuously or punctuated. A rolling circle mechanism of plastid DNA replication in higher plants has been documented (Kolodner and Tewari, 1975) , and pulsed-field gel electrophoresis has revealed in Chlorophyte organisms that a small percentage of the plastid genome exists in multimeric forms (Deng, Wing, and Gruissem, 1989) . We have observed the same pattern of multimeric forms of Ochromonas plastid DNA in Southern blots of gels prepared by pulsed field gel electrophoresis (Nerozzi, 1995) , using the same methods as Deng and coworkers. Therefore the continuous synthesis of many molecules from one template may be possible.
Consequences of spatial organization of the plastid genome copies within a plastid-In Chlorophytes (plants and green algae), genetic studies have consistently shown that mutant plastid genomes can become homoplasmic (sort out to homogeneity) after only a relatively few vegetative cell divisions. The number of segregating units that could, on average, give this result is very much smaller than the number of plastid genomes observed. This observation has given rise to a number of suggested explanations (reviewed in Birky, 1994; Gillham, 1994) . Proposed molecular mechanisms include a master genome in a plastid excessively replicated, or the presence of only one, two, or a few replication complexes per plastid. Cytological hypotheses include a preferential growth and division of ''master'' plastid per cell, and, since plastids typically divide by pinching in two through their long axis, preferential sites of DNA synthesis at the ends of a plastid. This latter might resemble the recent findings for [Vol. 84 AMERICAN JOURNAL OF BOTANY the mitochondrial DNA of trypanosomes, where the reattachment of replicated minicircle DNA to the kinetoplast DNA network has been reported to be restricted to two antipodally located sites (Perez-Morga and Englund, 1993) . Although the kinetoplast DNA represents an extreme in complexity, the mitochondrial and plastid nucleoids of other eukaryotes might also spatially organize the process of organellar DNA replication. None of these suggestions is compatible with the direct observations of plastid DNA synthesis sites in plastids of Ochromonas. All plastids and all plastid DNA molecules appear equivalent, and in addition, all positions on the plastid ring nucleoid appear equivalent.
Comparable information is not available for the meshwork of small nucleoids comprising the plastid DNA apparatus of the Chlorophyte plastid. However, assuming the basic constancy of the molecular aspects of plastid DNA, and the disposition of DNA throughout the plastid in both the ring nucleoid and the scattered nucleoid types, which helps ensure its inheritance (Bisalputra and Bisalputra, 1970; Gibbs and Poole, 1973; Herrman, Kowallik, and Bohnert, 1974; VanWinkle-Swift, 1980; Hennis and Birky, 1984) , the cytological aspects of plastid DNA synthesis observed here are compatible with a significant role of the nucleoid arrangement in influencing the rate at which mutant forms segregate during vegetative cell division. It appears that essentially all genomes replicate and newly synthesized genomes remain closest neighbors of their parental molecules. This would lead to a progressively longer, genetically homogeneous local portion of the ring nucleoid (adjacent nucleoids in Chlorophytes) of a plastid, which would tend to segregate as a unit to one daughter plastid at plastid division. The number of cell divisions for cellular homogeneity for a newly arisen plastid mutation would then approach as a limit not the number of plastid genomes per plastid, but its square root, as well as the number of plastids per cell. The concerted efforts of geneticists, molecular biologists, and cytologists will be needed to obtain a more satisfactory understanding of the possible significance of the attachment of nucleoid structures to the plastid membrane as well as what controls plastid genome number and plastid number per cell.
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